Experimental brain tumors were produced in cats by xenotransplantation of the rat glioma clone F98 into the white matter of the left hemisphere. One to 4 weeks after implantation, local adenosine triphosphate (ATP), glucose, lactate, and tissue pH were measured via imaging techniques in cryostat sections passing through the center of the tumor and correlated with changes in water and electrolyte content. The tumors exhibited a heterogeneous metabolic pattern, with a tendency for ATP to decrease and lactate to increase during tumor development. Tissue pH was above 7.5 in tumors with high ATP content but it sharply declined at low ATP levels. In peritumoral edema, ATP also decreased and lactate increased but, in contrast to tumor tissue, pH became more alkaline. Metabolic changes were associated with edema formation, as evidenced by the rise in water and sodium content. There was a distinct difference between tumor tissue and peritumoral edema: in tumor tissue, pH declined with increasing water content, whereas in peritumoral edema it increased.
D
URING recent years, volume-selective proton and phosphorus spectroscopy have been used increasingly for noninvasive assessment of pH and metabolites in the human brain under various clinical conditions) 6-s Particular attention has been directed toward its use for brain lumors because it is widely thought that this approach may allow better control of irradiation or other therapeutic interventions. ~.4.5.~ In fact, initial reports have indicated that the induction of tumor necrosis can be followed by magnetic resonance (MR) spectroscopic monitoring of lactate or energy metabolitesY 7 Despite rapid progress in this field, the results obtained are still widely empirical. This is mainly due to the fact that volume-selective MR spectroscopy-is still too insensitive to allow high resolution measurements in the brains of experimental animals so that proper validations have not been carried out. It is particularly disturbing that changes in lactate and energy metabolites, which are considered to be the first signs of metabolic impairment in brain tumors, are also associated with the development of peritumoral edema formation? ~26 Errors in the precise siting of the spectroscope may lead to serious misinterpretations. It is, therefore, crucial that the regional metabolic pattern of brain tumor tissue and of the surrounding nontumorous brain tissue be carefully studied before useful conclusions can be drawn from clinical measurements.
In the current report, we present our observations on the relationship between regional energy metabolism and the acid/base, water, and electrolyte homeostasis in a reproducible brain tumor model in cats described elsewhere. ~3 The tumors were produced by stereotactical xenotransplantation of a blastomatous cell clone which was previously derived from a nitrosoureainduced rat brain glioma. Within a few weeks after transplantation, spherical tumors developed at the implantation site which exhibited the morphological characteristics of a highly malignant polymorphous glioma and which were surrounded by extensive white matter edema. L~> This model has been studied extensively, so information is available on various hemodynamic, biochemical, and pathophysiological parameters, including those demonstrated on MR imaging, which facilitates the interpretation of the present findings. ~' ~
Materials and Methods

Animal Preparation
Nineteen adult mongrel cats of both sexes, each weighing between 3.2 and 5.0 kg, were used for the study. Two cats were sham-operated while the other 17 underwent tumor implantation. Each animal was anesthetized with intraperitoneal pentobarbital (30 rag/ kg), and the head was fixed in a stereotactic frame. A suspension of 2 x 106 blastomatous tumor cells prepared from rat glioma clone F98 > was implanted into the internal capsule of the left hemisphere at the following Horsley-Clark coordinates: anterior 18 ram, lateral 8 ram, and height 3.5 mm. The injection needle was passed through a small skin incision and a burr hole about 2 mm in diameter, which was prepared at the appropriate coordinates with a dental drill. After implantation, the skin wound was sutured and the animal returned to its cage.
One to 4 weeks after implantation, the animals were tranquilized with ketamine then anesthetized with 1% halothane/70% nitrous oxide. The trachea was cannulate& and catheters were inserted into a femoral artery and a femoral vein for recording blood pressure, sampling of arterial blood, and injection of drugs. The animals were immobilized with pancuronium and placed under artificial ventilation. Body temperature was kept constant at 37~ using a feedback-controlled heating pad. Blood gases were maintained within the physiological range by appropriate adjustments of ventilation.
After stabilization of physiological variables, MR imaging was performed as described elsewhere (HoehnBerlage, et al., in preparation). A skin incision was then made to expose the cranium, a funnel was attached to the skull, and the brain was frozen in situ by pouring liquid nitrogen into the funnel. 23 Fifteen minutes after freezing was initiated, cardiac arrest was caused by intravenous injection of saturated potassium chloride, ventilation was stopped, the animal was decapitated, and the head placed in liquid nitrogen. After freezing, the head was stored in a sealed plastic bag at -80~ until needed.
Biochemical Analysis
The frozen heads were cut with a band saw into 1-cm coronal slices under intermittent irrigation with liquid nitrogen. Bone and soft tissues were carefully removed and the brain slices transferred to a cold box maintained at -20~ Cryostat sections 20 uM thick were prepared at three levels, passing through the frontal, parietal, and occipital cortex. Sections were either freeze-dried for bioluminescence assays of metabolites or processed immediately for pH measurements. Small tissue specimens (5 to 10 rag) were cut from the remaining tissue block and processed for water and electrolyte content.
Regional pH Measurement. The freshly prepared cryostat sections were placed at -20"C on precooled electrophoresis paper that had previously been incubated with umbelliferone, a pH-sensitive fluorescent dye. Frozen sections were transferred to an ice bath and illuminated with 370-and 340-nm ultraviolet light. Fluorescent photographs were taken with a 450-nm barrier filter precisely 2 minutes after transfer into the ice bath. For each film, a series of six pH standards were pipetted onto cover slips and processed in the same way as the brain specimens.
The 370-and 340-nm fluoroscopic images were then scanned with a rotating densitometer.* The difference in optical densities (representing the ratio of ionic/ molecular umbelliferone concentration) was calculated. An image of the regional pH was prepared using an image analyzert and a nomogram was produced by plotting the differences in optical density against the pH of the standards.
Regional blocks at the following locations: brain tumor, peritumoral white matter, ipsilateral cortex, and the homotypic regions of the opposite hemisphere. Samples were dried to constant weight at 100~ for determination of water content (expressed as percentage of wet weight) then sonified in 1 N HNO3 for wet extraction of electrolytes. The resulting tissue suspension was centrifuged, and the supernatant analyzed for Na, Ca, Mg, and K by atomic absorption spectroscopy. Results were expressed as umol/gm dry weight.
Histological Examination
Cryostat sections adjacent to the sections used for the biochemical assays were postfixed in 10% formalin and stained with hematoxylin and eosin and cresyl violet for localization of tumors. Peritumoral edema was localized by staining extravasated serum proteins with cat antiserum and by the peroxidase-antiperoxidase technique. The cellular pathology of tumors was not assessed but has been described previously in perfusion-fixed material from the same tumor model? ~
Stalistical A nal vsis
All values are expressed as means + standard deviation. Differences between groups were evaluated by the nonparametric Mann-Whitney U-test. Values are considered to be significantly different when p < 0.05. before in situ freezing. These parameters were within the normal range ( Table 1) .
The morphological examination of the brains confirmed the presence of tumors in 14 of the 16 surviving cats implanted with the F98 clone. In two animals, tumors were absent; these brains were included with those from the sham-operated control animals. One animal exhibited a tumor in the ventricular system and was rejected. The remaining 13 animals had tumors in the left hemisphere at the implantation site (Fig. 1) . In those cats surviving only I week the tumors were spherical, with a diameter of 6 to 11 ram. The tumors in the three cats surviving for 2 weeks were more irregularly shaped and exhibited circumscribed regions which stained less readily, indicating rudimentary necrosis. In the five animals surviving for 3 weeks and in the two cats surviving for 4 weeks, the diameter of the tumors increased up to 113 mm and cystic deformations appeared toward the center. In two animals, the tumor had expanded along the needle track, forming separate tumor masses in and below the parietal cortex.
At all stages of tumor growth, prominent peritumoral edema was present in the white matter of the ipsilateral hemisphere, as evidenced through the extravasation of serum proteins (Fig. 1) . The combined mass increase of tumor and peritumoral edema resulted in a pronounced shift of the midline to the opposite side.
Results
Physiological and Morphological Observations
After tumor implantation, one animal died because of massive intraventricular bleeding. The other 16 animals recovered and resumed normal motor activity within 24 hours. During the later stages of tumor growth, eight of the 16 animals developed minor clinical symptoms, mainly at the end of the 2nd or the beginning of the 3rd week. Five animals showed slight weakness of the right forelimb and five developed anisocoria. Two animals lost body weight. None of the implanted animals developed major clinical symptoms or seizures.
The physiological variables (blood pressure and blood gases) were recorded at the end of the experiment, just
Energy Metabolites
In brain tissue from the sham-operated control animals and from the unsevered hemisphere contralateral to the tumor in implanted cats, metabolites exhibited a homogeneous pattern (Fig. 1) . The ATP and glucose levels were evenly distributed throughout the gray and white matter. Only a few animals showed a slight decline in ATP and glucose levels, together with a slight rise in lactate content, in the basal parts of the brain. This indicates that a moderate degree of ischemia occurs during the in situ freezing process.
The concentration of tumor metabolites depended on how long the tumor had been growing ( Fig. 2A , Table 2 ). During the initial 3 weeks after implantation, ATP gradually declined and glucose and lactate gradually increased in parallel with the increase in tumor size. After 4 weeks, all metabolite levels sharply declined as a result of extensive cystic degeneration throughout the tumor mass.
Within the tumor, the metabolic pattern was heterogeneous ( Fig. 1) . In the solid parts of the tumors, the concentration of ATP was frequently as high as in nonsevered cortex, but the glucose levels were usually lower and the lactate content higher than in normal brain. In the necrotic or necrobiotic regions of the tumors, the ATP content was lower than in the solid parts. The lactate and glucose concentrations changed in an inconsistent way. In some regions, the lactate level was high and glucose low; in others, both glucose and lactate concentrations were low. This may be due to Y
a n n the various degree of cystic transformation with different contributions by residual metabolic activity. No consistent differences were observed between small and large tumors, except for the higher incidence of necrotic transformation in the larger ones.
In peritumoral white matter, the ATP level was lower and glucose and lactate concentrations were higher than those in the opposite nonedematous side (Fig. 2B , Table  2 ). The difference was most marked 3 weeks after implantation, when edema formation reached its maximum. After 4 weeks, edema-induced changes were partly reversed in accordance with the regression of the tumor mass.
The gray matter ipsilateral to the tumor exhibited the same pattern as that in the opposite unsevered side. Only in a few circumscribed regions were declining ATP and glucose levels associated with a rise in lactate, indicating ischemic alterations.
Tissue pH
In the normal unsevered hemisphere of the implanted cats, the pH of both cortical and white matter was approximately 7.0 (Table 2 ). In the basal parts of the hemisphere, pH declined slightly, which is in line with the theory that a moderate degree of ischemia develops during in situ freezing. In the solid parts of the tumors, pH was more alkaline than in normal gray or white matter (Fig. 1) . The difference in pH was most pronounced 1 week after implantation amounting to about 0.6. In the cats with longer survival times, pH gradually declined (Table 2 ). In the necrobiotic parts of the tumors (regions with low ATP), pH became more acidic. Only in large cystic portions did an alkalotic shift occasionally occur, which was probably due to the equilibration of such parts with the extracellular fluid. Peritumoral edema consistently exhibited a marked alkalotic shift when compared with the contralateral white matter (Fig. 2B, Table 2 ), amounting to a change in pH up to 0.8, and contrasted with the peritumoral gray matter in which pH did not change.
Water and Electrolyte ContenI
Water content in the white and gray matter of the unsevered contralateral hemisphere in the implanted cats was within the range of previously recorded normal values ( Table 3 ). The mean water content of the tumor tissue was about 83 ml/100 gm during the 1st week after implantation and increased to 87 ml/100 gm after 4 weeks (Fig. 3A) . The electrolyte content of the tumor tissue was relatively stable during the initial 3 weeks after implantation, but there was a sharp rise in Na and Ca and a fall in Mg and K during the 4th week (Fig.  4A, Table 3 ). This shift is attributed to the prominent regressive changes occurring at that time.
In peritumoral white matter, Na and Ca consistently increased while K and Mg changed little (Fig. 4B , Table  3 ). The degree of edema was clearly a function of tumor size: the larger the tumor, the higher the water content. This relationship differed from that in the tumor and t h e p e r i t u m o r a l gray matter, w h e r e no d e p e n d e n c y b e t w e e n size a n d tissue h y d r a t i o n was f o u n d (Fig. 3B ).
In the ipsilateral gray matter, water a n d electrolyte c o n t e n t was m o s t l y in the n o r m a l range. H o w e v e r , a few regions exhibited a loss o f K a n d an u p t a k e o f N a a n d Ca in parallel with the m e t a b o l i c alterations described above.
Correlation Analysis
T h e relationships b e t w e e n the various p a r a m e t e r s were investigated in the tumor tissue and the peritumoral white matter by regression analysis. In the tumor tissue, water content correlated with ATP and pH, both of which declined with increasing water content (Fig.  5A ). In the white matter, water content correlated inversely with ATP but directly with pH (Fig. 5B) . In addition, water content increased with rising glucose, lactate, Na, Ca, Mg, and K levels (Fig. 6) . The decline in ATP in peritumoral white matter was clearly a volume effect of the swollen tissue because the concentration changed little when ATP was related to dry matter weight.
In order to investigate the relationship between the changes in tumor tissue and peritumoral edema, the various tissue parameters were compared in these two compartments (Fig. 7) . There was a highly significant correlation (r = 0.93) between the lactate levels in tumor tissue and peritumoral edema, and a lesser but still significant one (r = 0.67) between the glucose concentrations in tumor and peritumoral edema. The other parameters were not related to each other.
Discussion
Metabolic State and pH
The growth characteristics and the light microscopic appearance of the implanted tumor have been described before. > The tumor is of glial origin, is highly malignant, and exhibits both astroglial and oligodendroglial elements. During the first 3 weeks of development, the tumor grows rapidly but during the 4th week regressive changes supervene. These changes are due in part to central ischemic alterations and to immunological processes which, in surviving animals, led to the rejection of the neoplasm.
One of the most striking observations of the present investigation was the marked heterogeneity of the metabolic pattern of the tumor. Metabolic heterogeneity has also been noted in human brain tumors tv''s but this has been attributed to the diversity of tumor types rather than to the heterogeneous metabolic expression of the same neoplastic cell. In the present study, heterogeneity was present even though the same cell clone and a reproducible implantation technique were used. This suggests that the metabolic activity of the tumor depends to a large degree on the local environment, in particular on local hemodynamics.
Although the number of animals in each survival group was rather low, the correlation analysis of the whole group revealed differences in the metabolic state that can be best explained by differences in the local supply of nutrients. In regions with high ATP content the pH was above normal, whereas in regions with low ATP tissue the pH tended to acidify. This difference is interpreted as follows. In areas with high blood flow and glucose supply, the energy yield by glycolysis is sufficient to meet the ATP demands of the tissue. This enables the Na § ATPase to build up a sodium gradient across the cell membrane which is used to translocate hydrogen ions originating from glycolysis into the extracellular compartment by the No+/ H + antiporter system. 2~ As a result, intracellular pH remains at a normal or even a slightly alkaline level despite the high concentration of lactate. Adequately perfused tumor regions, in consequence, are characterized by "lactalkalosis. ''2~ Conversely, in regions with low blood flow and glucose supply, the energy yield of glycolysis does not match the energy requirements of the tumor cells and ATP declines. As a consequence, the sodium gradient breaks down and hydrogen ions accumulate. Between these two extremes, various degrees of metabolic decompensation are possible, as observed here and also in an earlier study of transplantation tumors in rats. 'f
Edema and pH
The above interpretation is supported by the inverse relationship between pH and water content in the tumor tissue. A breakdown of energy metabolism leads to equilibration of transmembrane ion gradients and a net increase in tissue water and Na content, as previously shown in ischemia or other conditions of metabolic failure, u, Both the decline of pH and the increase in water content can, therefore, be attributed to approaching energy failure. This suggests that the increase of water in the tumor tissue is at least partly an intracellular "cytotoxic" type of edema, as defined by Klatzo. 14 In the peritumoral edematous tissue, the distribution of metabolites was much more homogeneous than in the tumor tissue. The pattern of metabolites also differed from that in the tumor tissue: the decline of ATP was associated with an increase in glucose and lactate and a marked alkalosis. The pH increased with increasing water content, in contrast to the situation in the tumor tissue. This pattern can be best explained by the accumulation of a vasogenic type of edema in the expanded extracellular compartment of the otherwise metabolically undisturbed tissue. The edema is generated in the tumor where the vessels are freely permeable to plasma constituents, '9 and spreads by bulk flow from the tumor into the surrounding peritumoral brain tissue. 24'25 As previously reported by Linn, et a/., ~6 decreased ATP in the peritumoral brain tissue is due to the volumetric effect of extracellular edema because the relative part of the intracellular compartment in which ATP is located decreases. Conversely, the increase of glucose, Na, Ca, and pH can be attributed to the fact that the extracellular compartment enlarges, because these are higher in the extracellular fluid than in the intracellular compartment. The high lactate level is explained by an admixture of tumor-derived lactate salts to the edema fluid) 6 The low ATP and high lactate content of peritumoral edema do not, therefore, reflect a state of tissue hypoxia.
This conclusion is also supported by the changes in electrolyte content in peritumoral edema. The Na and Ca concentrations in the extracellular space increase on development of peritumoral edema in parallel with FIG. 6. Graphs showing correlation between water content (expressed as the percentage of tissue wet weight) and the coment of potassium, sodium, calcium, and magnesium in peritumorat white matter. The close correlation between water and sodium and calcium content indicates that extracellular accumulation of edema fluid has occurred. In the tumor tissue, correlations between water and electrolyte content are absent (data not shown), gdw = gram dry weight. the enlargement of the extracellular compartment, whereas the Mg and K levels in the intracellular compartment do not change. All of the observed phenomena, in consequence, are consistent with an extracellular type of vasogenic edema, which originates in the tumor and spreads into the metabolically intact peritumoral brain tissue.
Clinical Implications
The biochemical effects of peritumoral edema are of considerable importance for the interpretation of the results obtained by volume-selective MR spectroscopy in patients with brain tumors/"4"5"9 The concentrations of ATP and lactate are similar in tumor and peritumoral tissue, but therapeutically induced changes of these metabolites should be interpreted differently in the two compartments. For example, a decline in ATP levels within the tumor suggests a desirable disturbance of metabolic integrity whereas the same change in peritumoral edema reflects an unwanted enhancement of peritumorai edema. The clinical applicability of MR FIG. 7. Graphs showing correlation between adenosinetriphosphate (ATP), glucose, lactate, and pH in tumor tissue (abscissa) and white matter (ordinate). The close relationship between lactate content in tumor tissue and peritumoral white matter suggests an efflux of lactate salts from the tumor into the peritumoral edematous tissue, gww = gram wet weight. spectroscopy, therefore, depends crucially on the accuracy of volume selection and localization. Up to now, this has been tested only in phantom experiments because the brains of laboratory animals are too small to allow accurate validation under experimental conditions. The associations and dissociations between ATP, lactate, and pH in tumor tissue and peritumoral edema described here may, therefore, allow a more precise identification of the optimal site for volume-selective spectroscopy and may contribute to a better interpretation of the results obtained by this promising technology.
